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ABSTRACT 

 

Clinical and preclinical studies suggest that nicotinic acetylcholine receptors (nAChR) 

are involved in affective disorders; therefore, the potential therapeutic value of nicotinic 

partial agonists as treatments of these disorders is of growing interest. This study 

evaluated the effects of acute and chronic administration of nicotine and the α4β2 

nicotinic partial agonists, varenicline and sazetidine-A, in mouse models of anxiety and 

depression. Acutely, only nicotine and varenicline had anxiolytic effects in the marble-

burying test and in the novelty-induced hypophagia (NIH) test.  In contrast, in animal 

models of antidepressant efficacy, such as the forced swim and the tail suspension test, 

only acute sazetidine-A had significant antidepressant-like effects. The NIH test provides 

an anxiety-related measure that is sensitive to the effects of chronic, but not acute 

antidepressant treatment. Chronic nicotine and chronic sazetidine-A treatment were 

effective in this paradigm, but varenicline was ineffective. These results suggest that the 

partial agonists varenicline and sazetidine-A may have diverse therapeutic benefits in 

affective disorders.  
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INTRODUCTION 

 

 Depression and anxiety are both highly co-morbid with nicotine dependence 

(Paperwalla et al. 2004) and nicotine use may be an attempt at self-medication in these 

conditions (Markou et al. 1998). Currently, antidepressant (AD) medications are the 

predominant form of treatment for both depression and some forms of anxiety.  These 

drugs, including tricyclic antidepressants, selective serotonin reuptake inhibitors, and 

norepinephrine reuptake inhibitors, have been shown to act as noncompetitive nicotinic 

receptor (nAChR) antagonists on the cellular, physiologic, and behavioral level 

(Hennings et al. 1997; Fryer and Lukas 1999; Lopez-Valdez and Garcia-Colunga 2001).  

Additionally, in preclinical paradigms used to predict antidepressant response, the effects 

of AD medications can be augmented by administration of nicotinic drugs (Caldarone et 

al. 2004; Rollema et al. 2009).  

 

 Acute treatment with nicotinic antagonists, such as mecamylamine, but not acute 

nicotine, results in antidepressant-like effects in the forced swim test (FST) and the tail 

suspension test (TST) (Caldarone et al. 2004; Rabenstein et al. 2006).  Furthermore, 

chronic, but not acute, administration of nicotine elicits antidepressant-like effects in the 

learned helplessness model of depression (Ferguson et al. 2000). As a time-averaged 

antagonist, nicotine administration can result in prolonged periods of receptor 

desensitization (Hulihan-Giblin et al. 1990). This property of nicotine may explain it’s 

apparent dichotomy in behavioral paradigms sensitive to antidepressant-like effects. 

However, mechanisms underlying acute and chronic effects of nicotine and other 
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nicotinic drugs in models of anxiety and depression are not well characterized (Picciotto 

et al. 2008). 

  

 Varenicline (Chantix™; Pfizer) is a potent partial agonist at α4β2 nAChRs with 

40-60% of nicotine’s agonist efficacy (Rollema et al. 2007) and is a less potent partial 

agonist at α3β4 and a full agonist at α7 nAChRs (Mihalak et al. 2006; Rollema et al. 

2007; Rollema et al. 2009). Clinically, varenicline has demonstrated enhancement of both 

positive affect and cognitive function during smoking cessation (Patterson et al. 2009) 

and was recently shown to augment the effects of antidepressants in depressed smokers 

(Philip et al. 2009). Despite its clinical success in smoking cessation (Nides et al. 2008), 

there have been a limited number of studies evaluating the behavioral effects of 

varenicline in animal models of depression (Rollema et al. 2009) and none examining its 

effects on anxiety. 

 

A newly developed nicotinic partial agonist, sazetidine-A, potently and 

selectively desensitizes α4β2 nicotinic acetylcholine receptors (Xiao et al. 2006), but has 

very low affinities for all other nAChR subtypes (Xiao et al. 2006; Zwart et al. 2008). A 

recent in vivo study using sazetidine-A found it to be an effective analgesic (Cucciaro et 

al. 2008). However, the activity of sazetidine-A in behavioral models of anxiety or 

depression has not been investigated. Therefore, we conducted a complementary series of 

experiments examining the acute and chronic effects of sazetidine-A, varenicline, and 

nicotine in models of anxiety and depression. Findings from these experiments show that 

acute nicotine and varenicline are efficacious in two models of anxiety; the novelty-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2010 as DOI: 10.1124/jpet.110.166280

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 166280 
 

 6 

induced hypophagia (NIH) test and the marble-burying test.  In contrast, sazetidine-A 

was anxiogenic in the NIH test but did have antidepressant (AD)-like effects in acute 

tests of AD efficacy. Furthermore, sazetidine-A, as well as nicotine, was effective when 

administered chronically in the NIH test, a profile consistent with clinically effective 

antidepressants. These results suggest that the development of novel nicotinic ligands 

with differential subtype selectivity presents a new therapeutic avenue for the treatment 

of affective disorders. 

 

METHODS 

 

Animals. Male 129SvJ;C57Bl/6J F1 hybrid mice (6-12 weeks of age; 25-35 g) were 

bred, group housed and maintained on a 12 h light/dark cycle with food and water 

available ad libitum in accordance with the University of Pennsylvania Animal Care and 

Use Committee. The C57BL/6 and 129SvEv strains are commonly used for the 

development of knock-out mouse models; therefore, information regarding nicotine 

response in a variety of behaviors in this strain is of value for future studies aimed at 

investigating underlying genetic mechanisms. For the NIH paradigm, mice were housed 

in groups of two. All experimental testing sessions were conducted between 9:00 A.M. 

and 3:00 P.M., with animals randomly assigned to treatment conditions and tested in 

counterbalanced order. 

 

Drugs. Doses of nicotine tartrate (Sigma–Aldrich, St. Louis, MO), varenicline tartrate, 

and sazetidine-A tartrate are reported as free base weight, while desipramine (DMI) 
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(Sigma) and chlordiazepoxide (CDP) (Sigma) were calculated as milligrams per kilogram 

of the salt form.  For injection studies, all drugs were prepared immediately prior to use 

in 0.9% saline and injected intraperitoneally (i.p.). Sazetidine-A tartrate was kindly 

synthesized by Drs. Milton L. Brown, Mikell A. Paige and Brian E. McDowell of 

Georgetown University and provided by Drs. Ken Kellar and Yingxian Xiao at 

Georgetown University. The chemical structure of this compound has been previously 

published (Xiao et al. 2006). Varenicline tartrate was provided by Pfizer Global Research 

and Development, Groton, CT. The chemical structure of this compound has been 

previously published (Mihalak et al. 2006).  

 

Osmotic minipumps. Nicotine tartrate, sazetidine-A tartrate, and varenicline tartrate 

were dissolved in sterile 0.9% saline solution and infused through subcutaneous osmotic 

minipumps for 14 days (Model 2002, Alzet, Palo Alto, CA, USA). Mice were 

anesthetized with an isoflurane/oxygen vapor mixture (1–3%), and osmotic minipumps 

were inserted subcutaneously using aseptic surgery techniques. Minipumps were placed 

parallel to the spine at shoulder level with the flow moderator directed away from the 

wound. The wound was closed with 7 mm stainless steel wound clips (Reflex, Cellpoint 

Scientific, Gaithersburg, MD, USA). 

 

Elevated zero maze (EZM) test. Testing on the EZM was conducted as previously 

described (Gur et al. 2007). Briefly, the zero maze (Stoelting, Wood Dale, IL) was 

elevated 24 inches from the ground and consisted of two open areas and two closed areas. 

After a 1h acclimation period prior to testing, mice were injected i.p. with saline, nicotine, 
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sazetidine-A, varenicline, or CDP.  Ten minutes later, each mouse was initially placed in 

the closed area and tested for 300s. The Viewpoint Tracking System (Viewpoint, 

Champagne au Mont d'Or, France) was used to record and register the time spent in the 

open areas and the locomotor activity of the animal.  

 

Locomotor activity.  Locomotor activity in response to intraperitoneal drug 

administration was analyzed in a “home cage” activity monitoring system 

(MedAssociates, St. Albans, VT). The home cage (28.9 cm × 17.8 cm × 12 cm) was 

placed in a photo-beam frame (30 cm × 24 cm × 8 cm) with sensors arranged in an 8-

beam array strip. For dose studies, mice were injected i.p. with saline or drug.  Ten 

minutes following drug administration, the mice were individually placed in the cages. 

Beam break data was monitored and recorded for 60 min. 

 

Marble-burying test. After a period of acclimation (1 hour), mice (n=6-10 per group) 

were injected i.p. with saline, nicotine, sazetidine-A, varenicline or CDP at the doses 

indicated.  Ten minutes later, the mice were placed individually in small cages 

(26×20×14 cm), in which twenty marbles had been equally distributed on top of mouse 

bedding (5-cm deep), and a wire lid was placed on top of the cage. Mice were left 

undisturbed for 15 min, after which time the number of buried marbles (i.e., those 

covered by bedding three-quarters or more) was counted. 

 

Novelty-induced hypophagia (NIH) test. For 1 week before the training period and for 

the duration of the experiment, mice were housed in groups of two. Training consisted of 
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daily sessions in which mice were exposed to a highly palatable food (peanut butter 

chips; Nestle, Glendale, CA) in a clear plastic dish. Plastic dividers (dividing the standard 

mouse cage lengthwise) were placed inside each cage to separate the mice during the 

training and home cage testing periods. Mice were acclimated to the barriers for 1 h 

before placement of food. Food was placed in the cage for 15 min and latency to 

consume was measured. By the 12th day, a baseline latency to approach and consume the 

food was reached such that there was <20% variability between mice. In the chronic 

treatment studies, mice (n=10 per group) were implanted with 14d osmotic minipumps 

filled with nicotine (18 mg/kg/day), sazetidine-A (1.8 mg/kg/day), varenicline (1.8 

mg/kg/day) or 0.9% saline. As a positive control, mice were injected chronically twice a 

day for 28 days with either desipramine (DMI) or 0.9% saline.  No differences in 

behavior were observed between minipump and injection saline groups in the chronic 

NIH test, therefore these groups were combined for analysis. Testing in the home cage 

(home day 1), novel environment, and home cage (home day 2) occurred on the last 3 

days of minipump viability. For testing in the novel environment, mice were removed 

from the home cage and placed in an empty standard cage with no bedding. The cage was 

wiped with a cleanser (Pine Sol, 1:10 dilution) to emit a novel odor and placed in a white 

box with bright light illumination (2150 lux). Latency to consume was recorded. Mice 

were tested again in the home cage on the following day (Home Day 2), under the same 

conditions as the first home test day (Home Day 1). On both home test days, the amount 

consumed was recorded as grams peanut butter chips. In the acute treatment experiment, 

training was performed as described above. Ten minutes following i.p. drug 

administration, the mice (n=10 per group) were tested in the home environment on day 1 
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(saline only), in the novel environment on day 2 (saline or drug), and once again in the 

home environment on day 3 (saline or drug). Thus, in the acute studies, the animals 

received no drugs until 10 min prior to novel test day. 

 

Forced Swim Test (FST). The FST was conducted as previously described (Cryan et al. 

2005). Briefly, 10 or 30 min following i.p. injection with saline, nicotine, sazetidine-A,  

varenicline, or DMI, mice were placed into Plexiglas cylinders filled with water (25oC) 

for 6 min while being videotaped. The forced swim score for the entire 6 min test was 

assessed using the ViewPoint videotracking system (View point S.A., Champagne au 

Mont d'Or, France) and confirmed with visual scoring by a trained observer. A mouse 

was judged to be immobile when making only those movements necessary to keep its 

head above water.   

 

Tail suspension test (TST). Ten minutes following i.p. injection of saline, nicotine, 

sazetidine-A, or varenicline or 30 minutes following i.p. injection of DMI, mice were 

tested in an automated TST device (Med Associates, St Albans, VT). Mice were 

suspended by their tails with tape from an aluminum bar connected to a strain gauge for 6 

minutes. The duration of immobility was calculated as the time the force of the animal’s 

movements were below a preset threshold (breathing only). Optimum thresholds were 

originally determined by comparing manually scored videotapes with automated scores 

(Crowley et al. 2006).  

 

Data analysis. Using the GraphPad Prism 5.0 software package (GraphPad Software, San 
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Diego, CA), statistical analyses of the differences between groups were assessed using 

one- or two-way ANOVA followed by Bonferroni's multiple comparison test. 

 

RESULTS 

 

Nicotine, Sazetidine-A, and Varenicline have no effect in the Elevated Zero Maze. 

The elevated zero maze is a modification of the elevated plus maze model of anxiety in 

rodents, and has been found to be a less ambiguous model to study anxiolytic activity 

when compared with elevated plus maze and mirror chamber (Kulkarni et al. 2007). 

Chlordiazepoxide (CDP), a benzodiazepine with proven efficacy in this paradigm (Ring 

et al. 2006), significantly increased time spent in the open arms (Figure 1A), indicative of 

reduced anxiety.  In contrast, nicotine, sazetidine-A, and varenicline did not significantly 

affect time spent in the open arms of the elevated zero maze (Figure 1A). Additionally, 

the highest dose of nicotine (0.6 mg/kg) and the two highest doses of sazetidine-A (0.5 

and 1.0 mg/kg) resulted in profound hypolocomotion in this test (Figure 1B) as well as in 

homecage activity (Figure 1C). Although varenicline treatment did not significantly alter 

locomotor activity in the elevated zero maze (Figure 1B), the highest dose of varenicline 

used (1mg/kg) resulted in significant hyperlocomotion in the homecage (Figure 1C).  

While altered activity in the zero-maze may confound results at these higher doses, at 

lower doses where no impairment in locomotion is observed, animals still do not spend 

more time in the open arm. 

 

Nicotine and Varenicline are anxiolytic in the Marble-Burying Test.  Studies 
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examining the effects of nicotinic compounds in the elevated zero maze, as well as the 

elevated plus maze and the mirror chamber, have yielded diverse and conflicting results 

(Picciotto et al. 2002). An additional paradigm used to evaluate putative anxiolytic 

compounds is the marble-burying test (Nicolas et al. 2006). This test has high predictive 

value to detect anxiolytic-like activity of acutely administered drugs (Nicolas et al. 2006), 

which is demonstrated by the positive result of CDP (10 mg/kg) in this test (Figure 2). In 

this paradigm, both 0.3 mg/kg and 0.6 mg/kg nicotine reduced the number of marbles 

buried (Figure 2).  When controlling for locomotor activity, the non-sedating dose of 

nicotine (0.3 mg/kg) still reduces the total number of marbles buried, indicating an 

anxiolytic effect. Treatment with varenicline had a small but significant effect in reducing 

the number of marbles buried at both the hyperlocomoting (1.0 mg/kg) and non-

hyperlocomoting (0.1 mg/kg) doses (Figure 2). In addition, treatment with sazetidine-A 

(0.5 and 1.0 mg/kg) also reduced marble burying behavior, but only at doses that severely 

reduce activity on the elevated zero maze (Figure 2 and Figure 1B/C).  

 

Acute Nicotine and acute Varenicline, but not acute Sazetidine-A, are anxiolytic in 

the Novelty-Induced Hypophagia (NIH) Test. In the NIH test, the reduction in feeding 

in response to a novel environment is a well-established measure for anxiety-related 

behaviors (Dulawa and Hen 2005) and is sensitive to acute benzodiazepine 

administration, such as CDP (Merali et al. 2003). In contrast to the marble-burying test 

where an active behavior indicates an anxiety response (the number of marbles actively 

buried), a passive behavior in the NIH test (not approaching and consuming a highly 

palatable food) indicates an anxiety response. As shown in Figure 3, CDP (10 mg/kg) 
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significantly reduced the latency to consume the food in a novel environment. Because 

altered locomotor activity can have a negative effect on this behavior by yielding a false 

result (by increasing or decreasing latency to consume food), the choice of drug dosage 

for nicotine, varenicline, and sazetidine-A in these experiments was based on a dose that 

did not affect locomotor activity in the homecage (Figure 1C).   Acute administration of 

0.3 mg/kg nicotine, which was anxiolytic in the marble-burying test, had a similar effect 

in the NIH test by reducing the latency to consume food in the novel environment. Acute 

varenicline (0.1 mg/kg), which was also anxiolytic in the marble-burying test, also 

reduced the latency to consume food in the novel environment. In contrast, acute 

administration of sazetidine-A (0.1 mg/kg) significantly increased the time required to 

investigate and consume the palatable food, reflecting an anxiogenic effect compared to 

saline. None of the treatments resulted in significant differences in latency to consume 

the food on home day 1 or 2 (Figure 3) or in total food consumption on home cage test 

days (Table 1).  

 

Sazetidine-A, but not Nicotine or Varenicline, has significant effects in the Forced 

Swim Test (FST).  The forced swim test is the most widely used model for assessing 

antidepressant-like activity in rodents.  In this test, acute administration of an 

antidepressant, which is often accompanied by hypolocomotion in the home cage, results 

in increased activity or reduced immobility in the FST (Cryan et al. 2005).  As 

demonstrated in Figure 4, a 30-min pretreatment with desipramine (DMI), a tricyclic 

antidepressant, significantly reduced immobility. For direct comparison with DMI, as 

well as with other published work with these nicotinic compounds in the FST (Rollema et 
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al. 2009), we examined behavioral responses for all compounds at 10- and 30-min time 

points. The 1.0 mg/kg dose of sazetidine-A at either the 10-min or 30-min timepoint 

resulted in reduced immobility, indicating an antidepressant-like response.  However, 

neither nicotine nor varenicline had a significant effect on immobility at any of the doses 

or time-points (Figure 4).  

 

Sazetidine-A, but not Nicotine or Varenicline, has significant effects in the Tail 

Suspension Test (TST).  Like the FST, the TST measures alterations in escape-oriented 

movements and immobility when placed in an inescapable stressful situation (Cryan et al. 

2005).  One major difference between the FST and the TST is that the FST does not 

consistently detect SSRI activity (Cryan et al. 2005). Thus, to more fully characterize the 

effects of nicotine, varenicline and sazetidine-A, we also tested these compounds in the 

TST.  As shown in Figure 5, DMI significantly reduced immobility in the TST.  

Additionally, sazetidine-A displayed an antidepressant-like response in this paradigm at 

the 1.0 mg/kg dose.  In contrast, neither nicotine nor varenicline reduced immobility in 

the TST at any of the doses tested (Figure 5).  

 

Chronic Administration of Nicotine and Sazetidine-A is anxiolytic, but Varenicline 

has no effect, in the NIH Paradigm. The NIH test is an effective tool to study 

mechanisms of antidepressant response, as the time-course of the anxiolytic effects of 

antidepressants is consistent with a therapeutic time-course (Dulawa and Hen 2005). 

Because the NIH paradigm is sensitive to chronic, but not acute, antidepressant treatment, 

we tested whether chronic administration of nicotine, sazetidine-A, or varenicline was 
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effective in the NIH paradigm. Mice metabolize nicotine very quickly, making chronic 

daily injections ineffective (Matta et al. 2007); therefore, mice were implanted with 

osmotic minipumps filled with nicotine, sazetidine-A, or varenicline, and tested in the 

NIH paradigm during the last three days of minipump viability. A moderate nicotine dose 

was chosen based on past studies examining the cognitive effects of nicotine and nicotine 

withdrawal in mice (Stoker et al. 2008).  Both sazetidine-A and varenicline were 

administered at a one log lower dose compared to nicotine based on the higher affinity of 

these drugs for α4β2 nAChRs (α4β2 Ki for nicotine ~2-6 nM, for sazetidine-A and 

varenicline ~0.2-0.4 nM) (Xiao et al. 2006; Rollema et al. 2007; Zwart et al. 2008; 

Rollema et al. 2009).  As shown in Figure 6, chronic treatment with the tricyclic 

antidepressant DMI resulted in significantly reduced latencies in the NIH test.  

Additionally, chronic administration of both nicotine (18 mg/kg/day) and sazetidine-A 

(1.8 mg/kg/day) significantly reduced the amount of time required to approach and 

consume food. However, chronic administration of varenicline (1.8 mg/kg/day) had no 

significant effect on the latency to consume food in the novel environment. None of the 

treatments resulted in significant differences in latency to consume the food on home day 

1 or 2 (Figure 6) or in food consumption on home cage test days or in mean body weights 

(Table 1). 
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DISCUSSION  

 

 The potential utility of nicotinic drugs in the treatment of affective disorders has 

gained interest in recent years (Picciotto et al. 2002; Caldarone et al. 2004).  Cytisine, a 

nicotinic partial agonist, exhibits antidepressant-like activity in the FST and the TST, two 

tests sensitive to the effects of antidepressant compounds (Mineur et al. 2007; Mineur et 

al. 2009).  Additionally, nicotine has significant anxiolytic effects in the approach-

avoidance conflict paradigm, which is a preclinical model of anxiety (Cohen et al. 2009). 

As a consequence of the utility of the nicotinic partial agonist varenicline, an effective 

and relatively well-tolerated smoking cessation therapy, an increasing number of 

nicotinic compounds are becoming available for testing in models of affective disorders.   

 In the present study, we directly compare the effects of nicotine and two novel 

nicotinic partial agonists with differing activity profiles, sazetidine-A and varenicline, in 

a variety of behavioral paradigms. Though the anxiogenic effects of nicotine withdrawal 

have been described in detail (Malin and Goyarzu 2009), the effects of chronic 

administration of nicotinic drugs in models of anxiety and depression have not been well 

established. Our findings evaluating the acute and chronic effects of nicotine, sazetidine-

A, and varenicline are the first to demonstrate distinct anxiolytic and antidepressant 

behavioral effects of these nicotinic compounds, which may be related to their dissimilar 

subtype selectivity in vivo.  

 

Sazetidine-A is a high-affinity, highly selective partial agonist of α4β2 nAChRs 

(Xiao et al. 2006; Cucciaro et al. 2008). Although the Ki values for sazetidine-A and 
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varenicline at α4β2 nAChRs are very similar (0.4 nM and 0.2 nM, respectively) (Xiao et 

al. 2006; Rollema et al. 2007), the high-affinity α4β2 partial agonist varenicline 

(Chantix™; Pfizer) also has moderate affinity for other nAChRs and acts as a partial 

agonist at α3β4 and a full agonist at α7 nAChRs (Mihalak et al. 2006; Rollema et al. 

2007). The partial agonist activity of varenicline at α4β2 nAChRs as well as 

accompanying α7 and α3β4 activities, may underlie its similarity to nicotine treatment 

when administered acutely; however, its contrasting effects compared to nicotine and 

sazetidine-A in chronic studies suggest other mechanisms may be engaged following 

prolonged exposure to these drugs.  

 

The effects of nicotine, sazetidine-A and varenicline were examined in three tests 

of anxiety, the elevated-zero maze, the marble-burying test and the novelty-induced 

hypophagia test, and were compared to the effects of a standard anti-anxiety drug, CDP. 

None of the nicotinic compounds had significant effects in the elevated-zero maze. 

Sazetidine-A treatment had an apparent trend toward increased time in the open arm in 

the elevated-zero maze, but this result is most likely related to less distance traveled and 

the reduced locomotion of animals treated with higher concentrations of sazetidine-A 

rather than a positive anxiolytic effect in this test. However, the elevated-zero maze has 

been found to yield diverse and conflicting results with nicotinic compounds (Picciotto et 

al. 2002). Therefore, we tested these drugs in two other established models of anxiety, the 

NIH test and the marble-burying test, which possess complementary assessments of 

anxiety behavior. The NIH paradigm is a test in which a normal exploratory response, 

which is rewarded by consumption of a palatable food, is reduced due to a novel and 
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potentially aversive environment.  This behavior is quantified by measuring the length of 

time it takes the animal to eventually venture into an open space and consume food. 

Thus, a passive behavior (not approaching the food) is taken as the measure of anxiety. In 

contrast, the marble-burying test measures the ability of an aversive environment to 

induce an anxiety-like state resulting in an active response. Thus, the active behavior 

(burying) is taken as a measure of heightened anxiety. Our utilization of these 

complementary tests allows for the assessment of the generalized anxiolytic–like effects 

of nicotinic drugs in combination with determination of effects on active vs. passive 

behavioral strategies (Bechtholt et al. 2007).  In both the marble-burying and the NIH 

tests, acute administration of nicotine and varenicline resulted in significant anxiolytic 

effects (Figures 2 and 3).  Although higher doses of sazetidine-A (0.5 and 1.0 mg/kg) 

resulted in anxiolytic effects in the marble-burying test (Figure 2), this could be a false 

positive due to the decreased locomotor activity observed with these doses (Figure 1B/C). 

Furthermore, acute administration of sazetidine-A in the NIH test at a dose that does not 

depress locomotor activity increases latency to approach and consume the food, 

suggestive of an increased anxiety state.  

 

Sazetidine-A decreased immobility in both the FST and the TST, two tests that 

predict antidepressant efficacy.  Of interest, the magnitude of this response was 

equivalent to that observed with the standard antidepressant drug, DMI.  In contrast, 

neither nicotine nor varenicline had significant effects in these tests.  A recent study from 

Rollema et al. (2009) observed an antidepressant response following varenicline 

administration in the FST.  However, the magnitude of varenicline’s effect varied greatly 
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in the two mouse strains used in these studies (C57Bl/6J and CD-1), suggesting that this 

effect may be strain specific.  Our use of 129SvJ;C57Bl/6J F1 hybrid mice contributes to 

the literature in evaluating these compounds in a novel strain. In addition, as these mice 

are from a genetically diverse background, the results from these studies may be more 

generalizable than results from exclusively inbred strains.  

 

 Both nicotine and sazetidine-A were found to have antidepressant-like effects 

following chronic exposure in the NIH paradigm, suggesting that selective reduction of 

α4β2 nAChR activity through receptor desensitization may be sufficient to elicit these 

responses following chronic treatment. This may explain why nicotine does not show 

antidepressant-like effects acutely in the FST or TST, but its efficacy as an antidepressant 

is observed chronically in the NIH paradigm.  Since the desensitization properties of 

nicotine occur over time, an acute administration may not be sufficient to elicit this 

response, while sazetidine-A, which is a rapid desensitizer, would effectively desensitize 

receptors that may account for antidepressant–like behaviors observed in these tests 

following an acute dose.  However, further functional studies examining the differential 

chronic effects of these drugs on receptor properties are needed to clarify the relevance of 

nAChR activation and desensitization in these behavioral models. 

 

Recent studies have described the effects of another nicotinic agonist, cytisine, in 

a paradigm similar to the NIH test, the novelty-suppressed feeding (NSF) paradigm. 

Cytisine is a partial agonist of β2* receptors and a full agonist of β4* receptor.  Mineur 

and colleagues (2007) found that chronic, but not acute, cytisine treatment significantly 
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reduced anxiety in the NSF paradigm, which parallels our findings with sazetidine-A.  

Although varenicline, like cytisine, is a potent and selective α4β2 partial agonist 

(Rollema et al. 2007), we did not observe antidepressant effects following chronic 

administration in the NIH paradigm.  In addition, a recent study by Vieyra-Reyes et al. 

(2008) did not observe any behavioral changes in the NSF paradigm following chronic 

oral administration of nicotine while our data indicate that chronic nicotine decreases the 

latency to feed in the NIH paradigm. These dissimilar findings may be due to differences 

in dosing regime (oral vs. minipumps) or differences between the novelty-suppressed 

feeding paradigm and the novelty-induced hypophagia test. One significant difference 

between the paradigms is that the NSF test includes food deprivation, which is itself a 

stressor, and may present a confounding factor in the determination of anxiogenic 

responses arising from a novel environment (Merali et al. 2003).  

 

Nicotine dependence is a chronic, relapsing disorder. Relapse curves for self-

quitters are striking, with up to 75% of smokers relapsing within the first week of a quit-

attempt (Shiffman 2006). The ability of smokers to quit has been aided by new 

medications and counseling.  The most effective medication for smoking cessation 

currently available is varenicline (Chantix).  In clinical studies, administration of 

varenicline during smoking cessation results in the improvement of both positive affect 

and cognitive function (Patterson et al. 2009).  Additionally, co-administration of 

varenicline was shown to positively enhance the effects of antidepressants in depressed 

smokers in a small open label study (Philip et al. 2009). However, despite its success, less 

than half of those using varenicline were able to quit smoking at a 3 month follow-up 
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period (Garrison and Dugan 2009). Our findings suggest that perhaps the lack of long-

term antidepressant effects of varenicline may underlie this low success rate.  Thus, 

development of newer nicotinic drugs, such as sazetidine-A, which has antidepressant-

like activity and utility as a smoking cessation therapy (Levin et al. 2009), would lead to 

more beneficial treatments for smoking cessation.   
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 LEGENDS FOR FIGURES 

 
Figure 1. No Effect of Acute Nicotine, Sazetidine-A, or Varenicline in the Elevated 

Zero Maze.  Mice received i.p. injections of saline or drug 10 min prior to testing. A) 

The mean (±SEM) amount of time spent the open arm is shown.  Chlordiazepoxide (10 

mg/kg) treatment resulted in significantly increased time spent in the open arm (*, 

p=0.01). No effect of nicotine, sazetidine-A, or varenicline was observed. B) The mean 

(±SEM) amount of distance traveled over 5 minutes is shown.  The highest dose of 

nicotine (0.6 mg/kg; ***, p=0.0001) and the two highest doses of sazetidine-A (0.5 and 

1.0 mg/kg; ***, p=0.0001) significantly reduced the total distance traveled in the EZM.  

No other significant differences were observed. C) The mean (±SEM) homecage activity 

over 60 minutes is shown. The highest dose of nicotine (0.6 mg/kg; **, p=0.001) and the 

two highest doses of sazetidine-A (0.5 and 1.0 mg/kg; **, p=0.001) significantly reduced 

homecage activity.  Additionally, the highest dose of varenicline (1.0 mg/kg; *, p=0.01) 

significantly increased homecage activity. *, **, and ***, indicate significant differences 

compared to saline controls.  (N=6-12) 

 

Figure 2.  Effect of Nicotine, Sazetidine-A, and Varenicline in the Marble-burying 

Test. Mice received i.p. injections of saline or drug 10 min prior to testing.  The mean 

(±SEM) number of marbles buried over 15 min is shown. Chlordiazepoxide (10 mg/kg) 

treatment significantly reduced the number of marbles buried (*, p=0.01). Nicotine 

treatment at the higher doses (0.3 mg/kg, 0.6 mg/kg), but not the lowest dose (0.06 

mg/kg), resulted in significantly fewer marbles buried (**, p=0.001), indicated an 

anxiolytic response. In addition, the higher doses of sazetidine-A (0.5 and 1.0 mg/kg; **, 
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p=0.001) and varenicline (0.1 and 1.0 mg/kg; *, p=0.01) also significantly affected 

marble-burying behavior. * and ** indicate significant differences compared to saline 

controls. (N=6-14) 

 

Figure 3.  Nicotine and Varenicline are Anxiolytic in the Novelty-Induced 

Hypophagia (NIH) Test on Novel Test Day. Mice received i.p. injections of saline or 

drug 10 min prior to testing.  Latency to approach and consume food is shown as seconds 

±SEM.  Treatment with chlordiazepoxide (10 mg/kg), a benzodiazepine, significantly 

reduced the latency to consume food in a novel environment (**, p=0.001).  Similarly, 

acute nicotine treatment (0.3 mg/kg) treatment significantly reduced the amount of time 

required to investigate and consume food in a novel environment relative to saline 

controls (***, p=0.0001). Likewise, acute varenicline (0.1 mg/kg) significantly reduced 

the time required to investigate and consume food in a novel environment compared to 

saline controls (***, p=0.0001).  However, acute treatment with sazetidine-A resulted in 

significantly increased latencies to approach and consume food in a novel environment 

when compared to saline controls (***, p=0.0001). No significant treatment effects were 

observed in the home environment. (N=10) 

 

Figure 4.  Acute Treatment with Sazetidine-A has Antidepressant Effects in the 

Forced Swim Test. Mice received i.p. injections of saline or drug 10 or 30 min prior to 

testing. Time spent immobile over the total 6 minutes is shown as seconds ±SEM. 

Treatment with DMI (20 mg/kg), a tricyclic antidepressant, significantly reduced 

immobility over 6 minutes in the forced swim test (***, p=0.0001).  Acute administration 
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of nicotine or varenicline did not significantly alter immobility in this test. However, 

acute treatment with sazetidine-A (1.0 mg/kg at 10 and 30 min) resulted in significantly 

reduced immobility (***, p=0.0001). *** indicates significant difference compared to 

saline controls. (N=6-12) 

 

Figure 5.  Acute Treatment with Sazetidine-A has Antidepressant Effects in the Tail 

Suspension Test. Mice received i.p. injections of saline or drug 10 or 30 min prior to 

testing. Time spent immobile over the total 6 minutes is shown as seconds ±SEM. 

Treatment with DMI (20 mg/kg), a tricyclic antidepressant, significantly reduced 

immobility over 6 minutes in the tail suspension test (*, p=0.05). Additionally, acute 

treatment with sazetidine-A (1.0 mg/kg at 10 and 30 min) resulted in significantly 

reduced immobility (***, p=0.0001).  However, acute administration of nicotine or 

varenicline did not significantly alter immobility in this test. * and *** indicate 

significant differences compared to saline controls. (N=6-12) 

 

Figure 6. Effects of Chronic Treatment of Nicotine, Sazetidine-A, and Varenicline on 

Novel Test Day in the NIH Test.  Mice were implanted with 14-day osmotic minipumps 

filled with saline, nicotine, sazetidine-A, or varenicline.  A parallel cohort of mice were 

injected twice daily with either saline or DMI.  No differences were observed between 

saline minipump and saline injected groups. Following chronic treatment, mice were 

tested in the home environment on Home Day 1 and 2 and the novel environment on 

Novel Day in the NIH paradigm. Latency to approach and consume food is shown as 

seconds ±SEM. Treatment with DMI (12.5 mg/kg, 2xday), a tricyclic antidepressant, 
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significantly reduced the latency to consume food in a novel environment (*, p=0.01).  

Chronic treatment with both nicotine (18 mg/kg/day) and sazetidine-A (1.8 mg/kg/day) 

resulted in significantly lower latencies to approach and consume food on novel test day 

in the NIH test compared to saline controls (***, p=0.0001).  In contrast, chronic 

treatment with varenicline (1.8 mg/kg/day) did not significantly alter the latency to 

consume food in a novel environment compared to saline treated animals. No treatment 

effects were observed on Home Day 1 or 2. (N=10) 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2010 as DOI: 10.1124/jpet.110.166280

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 166280 
 

 34

TABLES 
 
Table 1. Food Consumption and Body Weight in the Acute or Chronic NIH Tests. 

(N=10) 

NIH Paradigm 

Avg. Amount Consumed 

(grams ± SD) 

Avg. Body Weight 

(grams ± SD) 

HomeDay1 HomeDay2 End of Training End of Expt.  

Acute Saline 0.36±0.11 0.35±0.12 N.A. 25.6±2.9 

Nicotine 0.37±0.15 0.39±0.12 N.A. 26.2±2.7 

Sazetidine-A 0.37±0.16 0.40±0.15 N.A. 24.9±3.4 

Varenicline 0.37±0.12 0.40±0.20 N.A. 25.9±2.5 

CDP 0.37±0.20 0.40±0.22 N.A. 25.7±2.6 

Chronic Saline 0.37±0.20 0.35±0.10 26.9±2.0 27.6±2.5 

Nicotine 0.40±0.20 0.38±0.15 27.0±2.5 27.8±2.1 

Sazetidine-A 0.41±0.20 0.35±0.11 27.3±2.4 28.2±2.2 

Varenicline 0.40±0.15 0.40±0.25 27.6±2.1 28.0±2.9 

DMI 0.39±0.12 0.38±0.15 26.7±2.1 27.2±2.4 
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